Efficient and long-lived quantum memory with cold atoms inside a ring cavity 
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Quantum memories are regarded as one of 
the fundamental building blocks of linear-optical 
quantum computation [Ij and long-distance quan- 
tum communication [2j. A long standing goal 
to realize scalable quantum information process- 
ing is to build a long-lived and efficient quantum 
memory. There have been significant eff'orts dis- 
tributed towards this goal. However, either effi- 
cient but short-lived [3, 4j or long-lived but ineffi- 
cient quantum memories [5 7J have been demon- 
strated so far. Here we report a high-performance 
quantum memory in which long lifetime and high 
retrieval efficiency meet for the first time. By 
placing a ring cavity around an atomic ensemble, 
employing a pair of clock states, creating a long- 
wavelength spin wave, and arranging the setup 
in the gravitational direction, we realize a quan- 
tum memory with an intrinsic spin wave to pho- 
ton conversion efficiency of 73(2)% together with 
a storage lifetime of 3.2(1) ms. This realization 
provides an essential tool towards scalable linear- 
optical quantum information processing. 

A high-performance quantum memory is of cru- 
cial importance for large-scale linear-optical quantum 
computational,, distributed quantum computing, and 
long-distance quantum communication [2]. The lifetime 
and the retrieval efficiency of a quantum memory are 
two important quantities that determine the scalability 
of realistic quantum information protocols. For a cer- 
tain quantum information task, e.g. creating a large-scale 
cluster state [5] or distributing entanglement through the 
quantum repeater protocol [9Hl2]. the time overhead Tr 
is inversely proportional to a power law of the retrieval 
efficiency R, oc i?"", where n is determined by the 
scale of the quantum computation or the communica- 
tion distance. In order to implement one of those tasks, 
the lifetime of the quantum memory must be larger than 
this time overhead. To satisfy this condition, one has 
to improve the lifetime of the quantum memory and re- 
duce the time overhead by improving the retrieval effi- 
ciency. Besides, different protocols also set thresholds 
on the retrieval efficiency and lifetime. For example, 
in loss-tolerant linear-optical quantum computation the 
minimum retrieval efficiency required is 50% [13j and in 
long-distance quantum communication distributing en- 



tanglement over 1000 km requires a communication time 
of at least 3.3 ms. 

Quantum memories for light have been demonstrated 
with atomic ensembles [TH - flB] . solid state systems [T71 
[TS] . and single atoms (TH]. With these quantum mem- 
ories, the principle of some quantum information pro- 
tocols have been demonstrated, e.g., functional quan- 
tum repeater nodes were realized with atomic ensembles 
PnHH]. However, due to the low retrieval efficiency and 
short lifetime, the implementation of further steps is ex- 
tremely difficult. Therefore, in recent years, many efforts 
have been devoted towards improving the retrieval effi- 
ciency and the lifetime of the quantum memories and sig- 
nificant progress has been achieved. However, an efficient 
and long-lived quantum memory remains still challeng- 
ing. For example, the lifetime of the atomic quantum 
memory has been experimentally improved to the mil- 
lisecond regime either by increasing the spin wave wave- 
length [5] or confining the atoms in an optical lattice 
[21 [7] , while the intrinsic retrieval efficiency is less than 
25%. Efficient quantum memories have been demon- 
strated in atomic [3] and solid-state media [1], reach- 
ing retrieval efficiencies up to 84% and 69% respectively. 
However, the observed lifetimes were severely limited 
(240 ns and 3 /xs respectively). The incapability of ac- 
complishing long lifetime and high retrieval efficiency in 
a single quantum memory strongly limits more advanced 
operations, such as creating or purifying entanglement 
[22j between two or more quantum repeater nodes or en- 
tangling six atomic ensembles to generate GHZ states 
which are the building blocks of linear-optical quantum 
computing [23], and thus is one of the current bottle- 
necks hindering the implementation of scalable quantum 
information processing. 

Here, we report an atomic-ensemble quantum mem- 
ory which has a long lifetime and a high retrieval effi- 
ciency simultaneously. In order to achieve this challeng- 
ing goal, we employ a ring cavity to enhance the write 
and read processes through the Purcell effect, use a pair 
of clock states to suppress magnetic field induced deco- 
herence, and design the directions of the classical beams 
and single-photons to be coUinear to obtain a spin wave 
with the maximal wavelength. We also design the setup 
and detection beams to be in the direction of gravity to 
maintain a good overlap between the control beams and 
the atomic ensemble during the free fall. By making these 
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FIG. 1. Experimental setup and level scheme, a, A ring cavity is built outside of a vacuum glass cell with antireflection 
coating. It mainly consists of two highly reflecting mirrors (HRl and HR2) and an output coupler (OC). HRl is mounted on 
a piezoelectric transducer (PZT) for the active stabilization of the cavity length. HR2 is mounted on a manual translation 
stage to change the cavity free spectral range. The write is horizontally (H) polarized and the read is vertically (V) polarized 
relative to the ring-cavity plane. These two control beams are combined with a polarizing beamsplitter (PBS) and coupled 
into the cavity through OC. Write-out and read-out photons are collected in the other port of OC. A frequency modulated 
locking beam, which is blue detuned by the cavity's free spectral range, is combined with the write through a nonpolarizing 
beamsplitter (BS). Leakage of the locking beams through HR2 is measured with a fast and a slow photodiode(PD) to create 
the error signal for the cavity length stabilization, b, Filtering of read-out photons from the read beams is realized by making 
use of a Glan- Taylor prism (in a), a pumped Rb vapor cell, and an etalon. Dichroic mirrors (DM) are used to remove the 
leakage of the vapor cell pumping beams. Finally the read-out photons are detected with single-photon detectors (Dl and D2). 
The setup for filtering write-out photons from write is the same as the read-out channel (not shown), c, A-type level scheme 
used. Both the write and read beams are red detuned by A = 40 MHz. 



efforts, we have managed to achieve a quantum memory 
with an initial intrinsic retrieval efficiency of 73(2)% and 
a 1/e lifetime of 3.2(1) ms. 

The experimental setup is shown in Fig. [l] An atomic 
ensemble composed of ~ 10^ *^Rb atoms, prepared by a 
magneto-optical trap with subsequent molasses cooling, 
serves as quantum memory. Initially, the atoms are in 
the ground state \g). During the write process a single- 
quanta spin wave is imprinted on the atomic ensemble 
conditioned on the detection of a spontaneously emit- 
ted write-out photon (in the same spatial mode as the 
write beam). By applying the read beam after a con- 
trollable delay, the spin wave is converted back into a 
read-out photon. To improve the retrieval efficiency, a 
ring cavity with a finesse of 48(1) is placed around the 
vacuum chamber to increase the effective optical depth. 
The cavity mode is aligned to overlap with the center 
of the atomic ensemble. The use of a ring cavity allows 
us to distinguish the back scattered from forward scat- 
tered write-out photons, so that we can select only the 
forward scattered photons and obtain a long-wavelength 
spin wave which is robust against dephasing caused by 
the atomic random motion. 



In our experiment, we design the system in such a way 
that the frequency and polarization of the write(read) 
and read(write)-out photons are the same and that the 
cavity supports and enhances all the four light fields. 
We stabilize the cavity intermittently using the Pound- 
Drever-Hall locking scheme during the MOT loading 
phase. The phase shift of the write pulse and the read- 
out photon caused by the atomic ensemble is compen- 
sated by slightly shifting the locking point. Leakage of 
the classical write and read pulses into the single-photon 
channels are attenuated by a factor of ~ 10^° with three 
stages of filtering elements shown in Fig. [T^ and b. Since 
the write and read are configured to be co-propagating, 
a very high extinction ratio (> 10^^) is required for the 
pulse switching of the write, read and the locking beam. 
This is realized by making use of a double-pass acousto- 
optic modulator (AOM) and a single-path AOM together 
for each of these three beams. 

We first demonstrate that the use of the ring cav- 
ity preserves the quantum nature of the atomic memory 
but significantly enhances the retrieval efficiency. We 
measure the excitation probability, cross correlation and 
physical retrieval efficiency for a series of write pulses of 



3 




I 

b 

>> 

1 0.8 
'o 

m 0.6 

c 

o 

2 0.4 

> 

° 0.2 



t I 



200 400 600 
^ ^Write power (nW) 



0.02 



0.04 



0.06 



Measured R 



0.02 0.04 
Excitation Probabiiity p„ 



0.06 



0.22 

-0.19 
-0.16 
-0.13 
-0.1 



FIG. 2. Influence of the write power, a, Cross corre- 
lation as a function of the excitation probabihty, with the 
inset showing the relation between excitation probability and 
the write power, b, Intrinsic conversion efficiency x (with 
Pbg subtraction in orange, without pbg subtraction in gray) 
and conditional retrieval efficiency R (blue) as a function of 
the excitation probability. Data in (a-b) are measured in the 
correlation mode (see Methods for details) with a read-write 
delay of 500 ns. Error bars are derived based on the Poisson 
distribution of the detector counts. 



(2) 

ciency x = -R'^(l — l/ffc ), which is displayed as a func- 
tion of the excitation probability in Fig. [2]3. Note that 
R"^ is often used as the intrinsic retrieval efficiency in 
previous experiments and here we explicitly distinguish 
between R'^ and x- Over the whole measurement range, 
X approximately stays constant. The calculated average 
value of X is 85(3)%, which is the highest conversion ef- 
ficiency of a quantum memory working at single photon 
level so far. 
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different intensities, with the results shown in Fig. [2^- 
b, respectively. We find the excitation probability in- 
creases linearly with the write power, indicating that the 
write process is within the spontaneous regime all over 
the measurement range. We measure the cross correla- 
tion between the write-out and read-out photons, which 

(2) 

is defined as (7c = Pw, r/ (Pw Pr) where Pw {Pr) denotes the 
write(read)-out photon probability and j. the coinci- 
dence probability L24. As depicted in Fig. [2^, gi^^ is well 
above 2, which implies that the storage is in the quantum 
regime and the read-out photon is nonclassically corre- 
lated with the write-out photon [51 [2^1 • The probability 
of detecting a read-out photon conditional on a write-out 
photon event is i? = _Pw,r/Pw, whose value ranges from 
12% to 22% as shown in Fig. [2]d. The calibrated re- 
trieval efficiency is calculated by taking into account the 
background noise pbg (see Methods for details) and the 
total detection efficiency, as R'^ — R/[r]tot{l — Phg/Pw)], 
where the total detection efficiency rjiot — ?7osp Vt Vspd 
consists of the fraction of light that escapes from the 
output coupler T^esp — 71(2)%, the propagation efficiency 
from the cavity to the detectors (Dl and D2 in Fig. [T]) 
r]t — 39.5(4)%, and the quantum efficiency of single- 
photon detectors r^spd = 62.7%. By subtracting the ran- 
dom coincidence, we obtain the intrinsic retrieval effi- 



FIG. 3. Influence of the read power, a, Relation between 
the pulse width (FWHM) and the read power, with the inset 
showing the pulse shape of the read-out photon with a read 
intensity of 2 ^W. b. Intrinsic conversion efficiency x as a 
function of the read power. During the measurements (a- 
b), the width of the read pulse is set to 700 ns. Error bars 
are derived based on the Poisson distribution of the detector 
counts. 

Next, we study influence of the read power on the re- 
trieval efficiency. An example of the read-out photon 
shape is shown in the inset of Fig. [3] a. Experimen- 
tally, we find that the pulse width of the read-out photon 
strongly depends on the read power. With the read power 
increasing, the pulse width becomes narrower. This is 
consistent with the FIT theory [21] which predicts that 
the group velocity of the read-out photon should be in- 
versely proportional to the read intensity. The measured 
relation is plotted in Fig. [3^ and fitted with the func- 
tion a/I^ + To. The fitted result for tq = 38.9 ± 1.3 ns is 
mainly limited by the cavity decay time (8.9 ns) and the 
rise time of the read pulse (~21 ns). We also measure the 
conversion efficiency x as a function of the read power, 
with the results shown in Fig. |3]d. We note that, except 
for the first two points, x nearly stays constant over the 
whole measurement range. The variation of the first two 
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points can be explained as a result of the comparable 
pulse width of the read and read-out pulses which leads 
to an incomplete read-out process. This implies that we 
can tune the pulse width for the read-out photon without 
sacrificing the conversion efficiency. This tunability is of 
crucial importance for quantum communication and dis- 
tributed quantum computing [571 HH] since it is usually 
required to interfere the read-out photon with photons 
from other physical systems, such as cavity quantum elec- 
trodynamics [2 7) , ion traps f28' or cavity-enhanced spon- 
taneous parametric down-conversion (SPDC) [25], etc. 
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FIG. 4. Long lifetime measurement, a, Calibrated re- 
trieval efficiency R'^ as a function of the time delay between 
read and write, b. Anti-correlation parameter a of the condi- 
tional read-out photon as a function of the time delay. Error 
bars are derived based on the Poisson distribution of the de- 
tector counts. 

Finally we suppress different decoherence mechanisms 
to achieve an efficient and long-lived quantum mem- 
ory. In our experiment, the main sources of decoher- 
ence are inhomogeneous broadening due to residual mag- 
netic fields, spin wave dephasing, and atoms moving out 
of the interaction region [Sj. To minimize the decoher- 
ence caused by the residual magnetic field, we employ 
the clock states \g) ~ \F ^ 2,mp ~ 0) and |s) — 
\F — 1,111 F = 0), which are in the first order immune 
to the magnetic field variations. Imperfect pumping to 
the state \g) gives rise to slight oscillation of the retrieval 
efficiency for the short-time (~10 fj,s) storage. From the 
relative oscillation amplitude of ~14%, we estimate [6] a 
pumping efficiency of po ~ 95%, by assuming no occu- 
pation in the Zeeman sub-levels |F = 2,mF = ±2). The 
spin wave dephasing is suppressed by selecting only the 



forward scattered write-out photons, which results in a 
long-wavelength spin wave. After suppressing these two 
decoherence mechanisms, the remaining dominant deco- 
herence mechanism is the loss of atoms caused by atoms 
freely flying out of the interaction region. We take two 
measures to minimize this decoherence. First, we config- 
ure the cavity mode in the same direction as the gravity. 
In this way, the maximal allowed free falling distance 
(from the atomic ensemble to the walls of the glass cell) 
is about 1.5 cm, which corresponds to a falling time of 
55 ms. Second, we increase the beam waist of the de- 
tection mode from a typical value of 100 /im in previous 
experiments [3 [21] to the current value of 200 /xm to re- 
duce the loss of atoms caused by the free expansion of 
the ensemble. For our temperature of about 10 /iK, the 
estimated lifetime is 4.7 ms. 

Experimentally we perform this long-lifetime measure- 
ment in a feedback mode (see Methods for details) to 
save data integration time. In this mode, the write pro- 
cess is repeated until a write-out photon is detected. The 
read pulse is applied only when a write-out event has 
been registered. In Fig. |4^, we plot the calibrated re- 
trieval efficiency as a function of the storage time. 
Note that the dominant decoherence mechanism for short 
storage time is caused by the imperfect pumping and 
residual magnetic field[B], and for long storage time is 
due to atomic motion[S]. Here we fit the data to an 
exponential function Rf^ e"'/"^ for simplicity, which give 
the results i?g = 79(2) % and t = 3.2(1) ms. We at- 
tribute the discrepancy between the lifetime r and pre- 
vious theoretical estimations to additional heating dur- 
ing the pumping process. From this fitted value of Rq 
and using p, = 0.0094(2) and R = 0.127(3) for the first 
point in Fig. [4[ we calculate the intrinsic spin wave to 
photon conversion efficiency to be x = 73(2)%. We can 
also see that the quantum memory maintains a retrieval 
efficiency in excess of 30% for about 3 ms. To further 
prove that the storage is in the quantum regime, we mea- 
sure the anti-correlation parameter a which is defined as 

— Pi2 / {pi P2) where pi{p2) refers to the detection 
probability of D1(D2) in Fig. [T]d conditional on a detec- 
tion event of the write-out photon, and pi2 refers to the 
conditional coincidence probability between Dl and D2. 
An ideal single-photon corresponds to a = 0, while for 
classical light a = 1. In our experiment, a is measured as 
a function of the storage lifetime, with the results shown 
in Fig. |4|d. All the values are well below the classical 
bound, which implies that the quantum nature is con- 
served. 

To conclude, we have realized a high-performance 
atomic-ensemble quantum memory inside a ring cavity, 
featuring the simultaneous achievement of a high re- 
trieval efficiency and a long storage lifetime. The life- 
time of 3.2 ms is 10^ times higher than the duration 
(about 100 ns) of pulsed optical operations and retrieval 
efficiency of 73% is larger than the threshold (50%) of 
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loss-tolerant linear optical quantum computation. The 
fidelity of the quantum memory is mainly limited by 
the background noises and can be improved by increas- 
ing the extinction ratio of pulse switching and single- 
photon filtering. This realization also enables us to cre- 
ate single-photons with much higher source efficiency us- 
ing the technique of conditional quantum evolution |31j . 
Further improvement of storage lifetime could be possi- 
ble by making use of a light-compensated optical lattice 
[7] . An even further improved retrieval efficiency may be 
achieved by increasing the pumping efficiency for high op- 
tical depths. This demonstration of a high-efficiency and 
long-lifetime quantum memory enables the implemen- 
tation of advanced quantum information tasks such as 
connecting different quantum repeater nodes, the purifi- 
cation [22] of remote entanglement, and multi-ensemble 
entanglement creation. 



Methods 

Technical details. The repetition rate of our exper- 
iment is ~29 Hz. Within each cycle, the starting 31.5 
ms is used for the MOT loading phase, during which 
we recapture the atoms and recool them. Afterwards, 
the experimental phase starts, with a duration between 
1 and 4.8 ms determined by the storage time. Within 
the starting 1 ms of each experimental phase, the write 
cycle repeats with a repetition rate of 154 kHz (in feed- 
back mode). An optical ring cavity is placed outside 
of the vacuum glass-cell chamber, consisting of one out- 
put coupler (OC) with a transmission rate of 8.81(3)%, 
two high-reflection (HR) mirrors, and two lenses (22.5 
cm). The cavity has a round-trip length of 50.3 cm and 
a free spectral range (FSR) of 595.1 MHz. The glass cell 
windows and the lens surfaces are antirefiection coated. 
Within one round trip traveling, there is a tt phase shift 
between H and V, which explains why the ratio of ground 
state splitting over one FSR does not equal to an integer. 
Beam waist of the cavity mode can be slightly changed 
by moving the lens positions. 

Fidelity of the quantum memory. It can be char- 
acterized either by the cross correlation[5] gc or the 
anti-correlation parameter[B] a. If the atomic ensemble 
is used as a single-photon source, the anti-correlation pa- 
rameter a determines the single-photon quality. If the 
atomic ensemble is used to implement atom-photon en- 
tanglement, the violation of Bell's inequality is character- 
ized by S* > 2, where S may be expressed as S" w 2^/2V 
with the visibihty V w (gi^^ - l)/(gc^^ + 1). Therefore, 

('2) 

gc ^ 1 and a <ti 1 both demonstrate a high-fidelity 
quantum memory. 

Cavity enhancement. The utilization of a ring cav- 
ity and configuring it to be quadruple resonant with the 
write(read) beams and the write-out (read-out) photons 



offer a series of advantages. First, the intensity of write 
and read beams inside the cavity is enhanced by a factor 
of 2F?7csp/7r, which moderates the requirement of single- 
photon filtering a lot. Second, the ring cavity enhances 
the emission of the write-out photon into the cavity mode 
by a factor of 2F/Tr. Third and most importantly, the 
ring cavity enhances the coherent read-out emission by 
Purcell effect, which gives rise to a maximal retrieval ef- 
ficiency [35] oi X ~ + 1) where the cooperativity 
C (X F X d, with d the optical depth of the atomic ensem- 
ble. This relation can be understood as the competition 
between the collective emission of the read-out field into 
the cavity mode, which is further enhanced by Purcell 
effect, and spontaneous emission into free space through 
partial population in the excited state. 

Phase shift of the atomic ensemble. During the 
spin wave creation and read-out process, most of atoms 
populate in the state \g). Therefore, due to close reso- 
nance of the write and the read-out photon to the \g) 
-> |e) transition, the atomic ensemble will give rise to a 
phase shift to the write beam and read-out photons. In 
our experiment this phase shift is measured by monitor- 
ing the leakage signal of the write beam from HR2 as we 
scan the locking beam center frequency. In order to com- 
pensate this phase shift 4°) and achieve the resonance 
between write(read-out) and the ring cavity mode, we set 
a frequency offset 5 to the locking beam. Therefore the 
locking beam is blue detuned by one FSR -I- S relative to 
the write in total. To achieve resonance of the read beam 
and write-out photons with the ring cavity, we make use 
of a manual translation stage which is attached to HR2 to 
change the FSR, and scan its position while monitoring 
the leakage signal of the read beam from HR2. 

Measurement modes. We have two different modes 
for data measurement, i.e., correlation mode [5j and feed- 
back mode [B]. In the correlation mode, each write pulse 
is followed by a read pulse with a fixed delay. In this 
mode since p^, and Pw,r are measured, we can verify 
the quantum character of our memory using the cross 
correlation gc ■ In the feedback mode, the write pro- 
cess repeats until a write-out photon is detected. The 
read pulse is only applied conditioned on these events. 
In this mode, due to the unavailability of Pr, we measure 
the anti-correlation parameter a to verify the quantum 
character. 

Background subtraction. The background pbg in 
the write process can be separated into two parts. The 
first part includes the stray light, dark count of single- 
photon detectors, and the leakage of read and locking 
beam due to the limited extinction ratio of the AOMs, 
etc, which are not dependent on the write power and give 
an overall constant background of 0.0006(1). The second 
part is mainly due to the leakage of the write laser, which 
increases linearly as a function of the write power. The 
write leakage induced background contributes to ~ 2.3% 
for pvj. Since the write leakage can be further decreased 
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by using more stages of frequency filtering, it is reason- 
able to subtract this background, which will also enable 
a more accurate estimate of x- 
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